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Introduction
The cytoplasmic ribosome is highly conserved in a variety of organisms, reflecting its essential role in the translation of genetic messages. In contrast, the mitochondrial ribosome (mitoribosome) appears to be structurally variable to a considerable extent from one organism to another. The mammalian mitoribosomes, for example, have smaller RNAs and a larger number of proteins than the bacterial counterparts [1] [2] [3] [4] [5] . This feature of protein-richness may be explained to indicate that the reduced size of rRNAs is compensated by some protein components that might have been recruited to mitoribosomes during the course of evolution. On the other hand, the mitoribosomes of yeast and other fungi have rRNAs the size of which is comparable to that of E. coli, and yet they have a larger number of proteins comparable to those in mammalian mitoribosomes. Furthermore, many of the proteins are unique in each organism and their homologues cannot be found in bacteria [6] [7] [8] . Thus, an intriguing question will be what the original functions, if any, of these proteins could have been.
Indeed, some of the yeast mitoribosomal proteins (mrps) have been shown to interact with specific mRNA or translational activators of mitochondrial genes, and some others seem to be involved in various cellular functions other than mitochondrial protein synthesis as described by Gan et al. [8] .
Another interesting aspect of mitoribosomes is that they seem to evolve much more rapidly than their cytoplasmic counterparts. Since the ribosome is an essential subcellular structure consisting of many components, changes in any one of the protein components must be well coordinated with others to maintain the speed and accuracy of translation. This would also apply to most, if not all, of mrps. Therefore, to elucidate the roles of individual mrps, it would be feasible to perform comparative analysis with several related organisms. Until now, however, the mrps of only a few mammals and the budding yeast S. cerevisiae have been characterized but the data of closely related organisms are not available. Therefore, to gain further insight into the functions of individual mrps and their evolution, we performed systematic analysis of the mitoribosomes of another ascomycete, N. crassa.
The mitoribosome of N. crassa contains two rRNAs that are slightly larger than their S. cerevisiae counterparts (http://www.rna.icmb.utexas.edu/) and appears to contain about 60 to 70 different proteins [9, 10] . So far, only a few mrp genes of N.
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crassa have been identified through the genetic and serological analysis of the mitochondrial proteins and some others predicted from the sequence similarity based on the recent genome analysis [11] .
Materials and Methods

Strains, media and general procedure
Wild type N. crassa strain C1-T10-28a [12] was used for the isolation of mitoribosomes. Growth media and genetic manipulation of N. crassa were essentially as described [13] .
S. cerevisiae strains with S-tag fused mrps were constructed essentially as described previously [8] . Briefly, the gene for an mrp of RAY3A-D (leu2/leu2, his3/his3, ura3/ura3, trp1/trp1) cells that carried a pSHLeu plasmid containing the corresponding gene for an S-tag fusion mrp was disrupted and an α type haploid disruptant was selected after sporulation and used. Growth media, culture conditions and genetic manipulations for yeast are essentially as described [14] .
Plasmid construction
PCB1003-S plasmid was constructed by inserting a 950 bp BamHI fragment of plasmid pSHLeu [8] encoding an S-tag sequence into the BamHI site of the multi-cloning site of pCB1003 [15] . The downstream BamHI site was eliminated by converting it into a BamHI/BclI hybrid sequence by PCR. All plasmids containing S-tagged mrp genes of N. crassa were constructed using PCB1003-S. DNA fragments harboring respective genes without termination codon were amplified by PCR from the genomic DNA of C1-T10-28a cells with appropriate primers to add restriction sites.
They were then inserted into PCB1003-S in frame at the multi-cloning site derived from pSHLeu. A yeast plasmid for the expression of each of the S-tagged mrp genes was constructed starting with pSHLeu as described previously [8] .
Purification of mitochondrial ribosomes and analysis of mrps
N. crassa mitochondria were purified from about 20 g wet-weight cells of strain C1-T10-28a grown in 600 ml of Vogel's medium at 25 o C for 50 hours. Cells were homogenized with 50 g of quartz sand (Wako Pure Chemical, Japan) and 15 ml of Isolation buffer (0.44M sucrose, 50mM Tris-HCl pH8.0, 1 mM EDTA ) in a mortar.
After removing cell debris and quartz sand, mitochondria were precipitated by centrifuging at 18,000 g for 17 min and then dissolved in 15 ml of 70 % sucrose solution (in 10 mM Tris-HCl pH 8.0, 0.1 mM EDTA). Mitochondria were purified by 6 centrifuging through overlaid 44 % sucrose in a Beckman SW50.1 rotor at 45,000 rpm for 2 hours and re-suspended in 4 ml of HKCT 500/50 solution containing calcium chloride [16] . Mitoribosomes were then isolated from the purified mitochondria, separated into subunits and their proteins were analyzed essentially as described before [8] except that buffers developed by Lambowitz were used to prevent nuclease activity [16] . Yeast mitoribosomes were purified and mrps were analyzed as described previously [8] .
Mass spectrometry
Mass spectrometric analysis was performed essentially as described [8] . Trypsin as well as lysyl endopeptidase were used to digest proteins.
S-tag assay
The concentration of S-tagged proteins was measured by using an S- Tag of mitoribosomal large subunits was used.
Results and Discussion
Identification of N. crassa mrps by mass spectrometry
Mitoribosomes were purified and separated into subunits as described in Materials and Methods. The isolated large subunits were subjected to SDS-PAGE and proteins were separated into seventeen fractions according to their molecular mass.
Proteins in each fraction were analyzed by peptide mass fingerprinting using the MASCOT program and a Neurospora-protein database, Assembly Version 3 and 7 [11] .
In this way more than thirty proteins were identified. Most of the identified proteins were found to be homologous to the large subunit mrps of yeast (Table 1) . However, one protein, termed ncu00103.2, showed a significant degree of similarity to yeast Mhr1
( Table 2 ) that was reported to be involved in mitochondrial homologous DNA recombination [17] and maintenance of the mitochondrial genome [18] . Mhr1 was also reported to be present in RNA pol II holoenzyme functioning as a direct transcriptional repressor [19] . Despite extensive analyses [6] [7] [8] , this protein has so far not been detected in the mitoribosome of yeast. In addition, several proteins with similarity to yeast small subunit mrps and to cytoplasmic ribosomal proteins were identified.
Localization of the identified proteins to mitoribosomal subunits
Subsequently, we examined whether those proteins that are apparently not homologous to yeast large subunit mrps are indeed localized in the mitoribosome of N. crassa or not. For this purpose, the respective gene was cloned into plasmid pCB1003-S to attach an S-tag peptide at the C-terminus of the encoded protein and the resultant plasmid was introduced into N. crassa C1-T10-28a cells by transformation. Clones harboring the tagged protein genes were isolated by selecting Hygromycin B resistance and analyzed by PCR with appropriate primers. Subsequently, mitoribosomes were purified, their subunits separated by sucrose density gradient centrifugation and analyzed by SDS-PAGE followed by Western blotting to detect each of the S-tagged proteins.
As shown in Figs. 1-A and B, S-tagged ncu05552.2 and ncu00103.2 proteins were detected in fractions containing the large subunit, although the rest of the proteins examined were not detected in this way. Consequently, we added the former two as 8 large subunit mrps of N. crassa (Table 1) .
The apparent molecular mass of ncu00103.2 as measured by SDS-PAGE was about 10 kDa larger than the calculated value due to the added tag sequence [8] . In contrast, the molecular mass of ncu05552.2 was estimated to be 54 kDa that was much smaller than expected (Table 1) . Perhaps, this was due to wrong assignment of the translational initiation codon for NCU05552.2. Indeed, we were able to detect only fragments derived from the C-terminal half of its predicted protein (data not shown) by the mass spectrometric analysis. Moreover, the molecular mass calculated for the protein starting from the third methionine situated at the 126th amino acid residue was 49.6kDa, which corresponds well to that of the detected protein. The protein predicted in this way can be aligned well and shows 15 % identity with the large subunit mrp of S.
cerevisiae, MrpL13 (Table 2) . Therefore, we would like to propose that NCU05552.2
should start with its third methionine codon. The nucleotide sequence surrounding the third methionine codon appears to support this hypothesis (data not shown).
Comparison of protein components of the mitoribosoms of N. crassa and S. cerevisiae
In S. cerevisiae, 41 proteins of the large subunit of mitoribosome have so far been experimentally identified and three were predicted from their sequence similarity to the respective bacterial ribosomal proteins [8] . Of the 41 proteins, 23 are homologous to bacterial ribosomal proteins, while 18 appear to be unique to mitoribosome. Ten proteins of the latter category seem to be specific to fungi, because no clear counterparts of them have been found in mammalian mitoribosomes. As described above, mass spectrometric analysis of the proteins of the large subunit of N. crassa mitoribosome led to the identification of 28 homologues of the yeast large subunit mrps.
We surveyed the N. crassa genome database [11] Table 2 ), indicating that the core-sequence is likely to be functionally more important and bears more constraints to the evolutionary changes. Alternatively, they might have evolved to fit to the structure of mitoribosome in each species that consists of different rRNAs and protein molecules. Earlier, Li et al. [20] showed from the analysis of chimeric genes that the S. cerevisiae mrp homologue of bacterial S15 ribosomal protein termed MrpS28 has an amino-terminal sequence that is absent from bacterial proteins but is essential for the function of mitoribosome.
Similarly, the less conserved amino-terminal region of yeast S12 homologue, termed Ynr036p, seems to have an organism-specific function [21] . Therefore, it will be interesting to investigate further whether the extra-stretches of individual mrps have some species-specific functions in N. crassa and S. cerevisiae or not.
Mitoribosomal localization of Mhr1 protein in S. cerevisiae
Since protein ncu00103.2 was newly identified as an mrp in N. crassa, we subsequently examined whether its yeast homologue Mhr1 is also localized on the mitoribosome or not. A genomic DNA fragment containing the yeast MHR1 gene was PCR amplified from the wild-type strain RAY3A-D of yeast and cloned into plasmid pSHLeu to fuse the gene with an S-tag peptide. Transformants were isolated and their proteins of mitoribosomal subunits analyzed by Western blotting. As shown in Fig. 1 -C, the tagged Mhr1 was detected in the large subunit fraction, indicating that this protein is indeed present on the mitoribosome in S. cerevisiae as well. Although the reason why our previous analysis of yeast mrps [6] failed to detect Mhr1 is not clear, a possible explanation may be that Mhr1 was not well separated from (an)other mrp(s) by two-dimensional gel electrophoresis and hence the amino acid sequences required to identify the gene could not be obtained. A more recent analysis by tag-mediated affinity purification supports the localization of Mhr1 on the mitoribosomal large subunit [22] .
It has been shown that almost all mrps of S. cerevisiae are essential for the mitochondrial function as summarized by Gan et al. [8] and that inefficient protein synthesis caused by deletion or mutation in one or more of the mrp genes is known to induce a rho 0 mutation, rendering cells completely defective in the mitochondrial function. In this connection the fact that Mhr1 protein was found associated with the mitoribosome is very intriguing, because this protein has been reported to be important for the replication and distribution of the mitochondrial genome [17, 18, 23] .
Involvement of some mrps in the maintenance of mtDNA was further suggested in the recent investigation of the highly conserved gene termed MMF1 of S. cerevisiae [24] . an active ribonuclease. Therefore, the amount of an S-tag fusion protein could be measured by assaying the ribonuclease activity upon addition of S-protein [25] . For this analysis, we first constructed yeast strains that produce only S-tagged Mhr1 or one of the S-tagged mrps as described in Materials and Methods. The large subunit of mitoribosome was then purified from each strain and the ribonuclease activity was measured ( Table 3 ).
Relative amount of Mhr1 and
The results showed that the amount of Mhr1 relative to MrpL1, a yeast mrp of L1 ribosomal protein family, was 0.93 and that of Img1and MrpL51 was 0.66 and 1.1, respectively. Protein Img1 is a yeast mrp of L19 ribosomal protein family and MrpL51 is a mitoribosome-specific protein conserved in mammals and other organisms [4] .
Therefore, we would like to include Mhr1 in the list of yeast large subunit mrps in spite of the fact that it has a function in homologous recombination and that it seems to exist in the nucleus in addition to mitochondria [19] . The reason why the relative amount of Img1 estimated in this analysis is significantly lower than others is not clear. Perhaps, Img1 might dissociate from the mitoribosome more easily than other mrps during purification, or the lower ribonuclease activity might be due to the conformation of S-tagged Img1 protein within the mitoribosome.
In this analysis we included a mitochondrial nucleoid protein Ygr068 (Mnp1) of S. cerevisiae, because its predicted primary structure shows an apparent similarity to bacterial ribosomal protein L7/12 despite that no previous investigations detected its association with yeast mitoribosome [6, 8] . It was also reported that a majority of this protein exists in the mitochondrial nucleoid rather than mitoribosome [26] . The relative amount of Ygr068 on the large subunit of mitoribosome as calculated from the ribonuclease activity was 3.3 and Western blot analysis indicated its localization on the large subunit of mitoribosome (Fig. 1D) [3, 4] and came off during the purification of mitoribosomes more easily, whereas the S-tagged MrpL12 (Ygr068) protein might be more tightly bound to the large subunit of mitoribosome.
The ORF ncu06469.2 encodes a protein that is an N. crassa homologue of MrpL12. We were able to detect an S-tagged protein derived from it in the mitochondrial fraction but not on the isolated mitochondrial large subunit (data not shown). This might be due to the nature of the protein or due to differences in the preparation procedure of mitoribosomes. It is also conceivable that the natural untagged ncu06469.2 protein might have been preferentially incorporated into mitoribosomes, because with N. crassa it is difficult to obtain a mutant producing only the tagged protein and hence we used cells containing the genes for both S-tagged and wild type ncu06469.2 proteins. Since N. crassa ncu06469.2 and S. cerevisiae MrpL12 proteins are highly conserved (48% identical), we believe that both are localized on the mitoribosomal large subunit and involved in protein synthesis. Also, it could be that the protein is associated with the mitochondrial nucleoid and play a role in maintaining the mitochondrial DNA as well [26] . 
